Purpose and Background
The purpose of this report is to document a test-to-failure (TTF) protocol that may be used to obtain quantitative information about the reliability of photovoltaic (PV) modules using accelerated testing in environmental temperature-humidity chambers. Reliability information is determined by subjecting test modules to temperature-humidity conditions that are known to stress common module failure mechanisms until the test modules no longer have acceptable performance. The duration of the applied stresses that the test subject survives provides an indication of its reliability and allows comparisons to other products.
Qualification tests for PV modules have been available as consensus standards for many years. Two of the stress tests, thermal cycling (TC) and damp heat exposure (DH), are selected as the stresses for this TTF protocol [1] [2] [3] . In the standard qualification sequences the duration of these tests are proscribed, 200 cycles and 1000 hours, and both require about six weeks to run.
It is important to note that the relatively short test sequences in the qualification standards do not and cannot provide lifetime data, even though they are designed to determine if common and known module failure modes are active. Reliability testing, on the other hand, involves determining when and how a test subject fails, as defined by Hoffman and Ross of the Jet Propulsion Laboratory (JPL) [4] : "In contrast with qualification tests, reliability and life-prediction tests are designed to provide quantitative information on projected mean-time-between failures or lifetimes. Such analyses are generally site specific or mission specific and often lengthy for products requiring MTBF's or lifetimes of many years." (Emphasis in original.) Accelerated lifetime tests that can be correlated with actual use conditions are difficult to perform on modules for a number of reasons, including the limited number of variables that can be accelerated (solar duty cycle, irradiance, temperature, humidity), as well as the physical sizes of modules.
The test protocol provided in this report can thus be seen as falling between qualification testing and true accelerated life testing. Qualification testing uses (mostly) artificial indoor tests to obtain quality information as quickly as possible, whereas life testing needs to replicate actual use conditions as closely as possible in order to obtain lifetime data. The TTF protocol extends the artificial indoor stresses from the proscribed lengths by continuing the environmental chamber testing until module failure is detected. These lengths are not module lifetimes, but they can be used to compare the reliability of different modules on a quantitative basis.
Test Development
Thermal cycling and damp heat were selected for the TTF protocol because these stresses have been reported by laboratories performing standard qualification tests to cause the highest numbers of failures [5] [6] [7] . Reliability testing programs that use extended duration stresses borrowed from the standard qualification sequences have been reported in the literature [8] [9] [10] [11] , and DH testing-to-failure as used at BP Solar has been described by Wohlgemuth [9] . Origin Solar Energy performed extended duration TC and DH, as long as 1400 cycles and 4500 hours, for reliability studies of Si "SLIVER" modules [10] ; BP Solar has published similar studies of crystalline-Si (x-Si) modules [11] .
A number of years ago, a proposal was made in PV standards development committees to modify the original TC test by forcing test modules into forward bias at currents equal to the one-sun maximum power currents while the module temperatures are above 20°C, because this additional stress was found to replicate solder bond degradation observed outdoors in use [12] [13] [14] . This degradation is characterized by slow increases of series resistance and thus losses of fill factor. The second edition of IEC 61215 adopted this change [1] but the soon-to-bepublished revision of IEC 61646 for thin-film modules does not have forward-current biasing [2] . Thin-film modules are treated differently for two reasons: 1) they generally do not have a large number of solder bonds, and 2) forward-current bias produces the equivalent of lightinduced degradation in a-Si modules. However, thin-film modules still have internal electrical connections that carry current while in operation. For a-Si modules, thermal annealing can be used to reverse light-induced degradation, so there are no compelling reasons not to include forward current bias in thin-film modules.
These effects can be seen in Fig. 1 , which shows an initial drop in output power in an a-Si module subjected to 400 thermal cycles with current bias. After thermal annealing, much of the drop is recovered, although the module still has suffered a 4% power loss compared to the unbiased module. Therefore, forward-biased TC is also a requirement of this TTF protocol for thin-film modules. Voltage biasing during DH exposure (at ±500 V) was proposed by JPL in 1985 as a susceptibility test of metallic grids to electrochemical corrosion [15] . Later, BP Solar revived this proposal [12, 13] , but the change was not adopted by the International Electrotechnical Commission (IEC) TC-82 standards committee for IEC 61215, as it was considered too strenuous. DH with voltage bias between the frame and the solar cells became a useful test of monolithic amorphous-Si (a-Si) modules for electrochemical corrosion and delamination of SnO 2 :F transparent-conducting thin films from glass superstrates [16, 17] . With consideration of this background, the TTF protocol therefore requires DH to be performed with voltage bias.
It has been noted that one stress can weaken the ability of a module to withstand a different stress, if it is applied sequentially [9, 18] . Quite a number of combined stresses can be imagined, and testing all such pairs is probably intractable. One pair was selected for the TTF protocol, so a combined DH-TC stress is included.
Failure Criteria
To test a sample until failure, criteria and metrics are needed to determine if a failure has occurred. For PV modules, such criteria are based on the electrical output power and the physical state of a module under test. The IEC qualification sequences have defined rigorous failure criteria that testing laboratories must use when determining if a particular module design has met the requirements for qualification (or "type approval") [1, 2] . These requirements in the standard tests are used as a starting point for the TTF protocol and entail details such as: For x-Si modules, power losses are determined with current-voltage (I-V) measurements before and after stress testing; IEC 61215 requires losses to be no larger than 8% of the initial values.
IEC 61646, on the other hand, has very different power loss requirements. This standard is intended for so-called thin-film modules, which include a-Si, CdTe/CdS, and Cu(In,Ga)S 2 (CIGS) modules (note that the standard does not include a formal definition of the term). Because of inherent instabilities in these technologies (the natures of which vary among the three), IEC 61646 instead requires module power output to be within 90% of a minimum value specified by the manufacturer. Determination of the final power levels is made following a lightsoaking step that continues until output power is stabilized.
The 8% degradation limit for x-Si modules in IEC 61215 is not intended to be a definition of the module lifetime, because it is generally recognized that modules will still be useful at this value in most applications. The same is true of the power limit in IEC 61646. Manufacturers typically offer warrantees on module power on the basis of 1% per year degradation, for periods of 10 to 20 years, and a 20-year warrantee means that the manufacturer will replace a module whose output drops below 80% of the initial power. The 8% or 10% limits used with the qualification tests reflect the general opinion that the stresses imposed are representative of 5 to 10 years of use in a moderate climate and are therefore not definitions of module end-of-life. In any event, the ultimate end-of-life of a module remains application-and user-specific [19] .
BP Solar has published data for power loss versus DH exposure time on x-Si modules [9] ; these data are reproduced in Fig. 2 and show a precipitous increase in power loss after 2500 hours of exposure. This non-linear behavior is in contrast to thermal cycling degradation, which has been reported to be gradual and much more linear [9, 10, 12, 13] Whatever value of degradation limit that is selected for an accelerated module life test will have to be an arbitrary decision to a certain degree. Aside from a catastrophic failure occurring, the number of thermal cycles that a module can survive is a function of the limit selected; but this variability does not hinder the utility of the TTF, because the limit is applied uniformly to all modules. The results can still be used for numeric comparisons between different module types.
Using these considerations, the criteria used to determine when a module under test is deemed to have failed are:
• Loss of 50% of initial power output (x-Si) • Power output less than 50% of the manufacturer's rating (a-Si, CdTe, CIGS) • Arcing in module circuitry or junction box • Failure of dielectric withstand or wet insulation resistance tests at end of test segment • Leakage current greater than 50 µA during biased DH exposure • Open-circuit fault during forward-biased TC • Development of major visual defects.
Test-to-Failure Protocol
As seen in Fig. 3 , the TTF protocol is organized into three repeating loops, one for each of the three stresses. The loops allow the ongoing testing to be interrupted for the recharacterization that is needed to determine if a failure has occurred during the latest test segment, or to allow for insertion of new modules. Recovery treatments are performed on thin-film modules following the recharacterizations to minimize false failures caused by instabilities unrelated to the stress testing.
Although the protocol is intended to stress modules until failure occurs, the number of repetitions is limited to 15 in the event that a module design is able to survive such extreme amounts of stress. This limitation places an upper bound on the amount of testing a laboratory is required to perform on a single module design (3000 thermal cycles and 15000 h of DH). In such cases, the amount of total power loss is reported instead of the number of thermal cycles and hours of damp heat until failure.
Upon receipt of a group of modules to be subjected to the TTF protocol, the procedure is to record the manufacturer's maximum system voltage (V sys ) rating and minimum maximum power (P min ) at standard reporting conditions (SRC) rating. Then randomly assign the seven modules to the control, DH, TC, and combined DH-TC sequences, A through D in Fig. 3 .
To minimize the testing resources needed, split the two Seq. D modules and subject one module to DH exposure with the Seq. B modules while the other is subjected to TC with the Seq. C modules. At the beginning of each successive stress segment, swap the Seq. D modules to effect the combined TC-DH stress required for Seq. D.
Light Soak
Subject crystalline-Si modules only to a light-soaking step to stabilize the short-circuit currents (I sc ) according to Sec. 5 of IEC 61215 (such light-induced degradation is typically caused by a B-O instability phenomenon). The 5 kWh/m 2 total dose is approximately equivalent to a single sunny day at latitude tilt in January in Golden, Colorado.
Characterization
Module characterization consists of several tests: a maximum power-point (P max ) measurement, a dielectric withstand test, a wet insulation resistance measurement, a visual inspection, and optional infrared imaging. These may be performed in any convenient order, but note that the insulation tests must be performed within 2-4 h after completion of a DH exposure. a) P max Measurement -Measure the module maximum power point at any convenient set of reporting conditions (see 3.2.2 of ASTM E 1036 [20] ). Because module failure is defined in terms of relative changes, repeatability of the P max measurement is the most important requirement, rather than the absolute power at any given irradiance. Adhere to the requirements of Sec. 10.2 of IEC 61215 or IEC 61646, as appropriate. Series-connected multijunction modules should be measured according to ASTM E 2236 [21] . If possible, measure the currentvoltage curve beyond the open-circuit voltage (V oc ) so that a series resistance calculation can be performed.
b) Dielectric Withstand -Perform a dielectric withstand test of the modules' insulation according to Sec. 7.1 of ASTM E 1462 [22] . It is not necessary to perform the opposite polarity test specified in Sec. 7.1.12.
c) Wet Insulation Resistance -Measure the modules' insulation resistance while submerged using Sec. 7.3 of ASTM E 1802 [23] .
d) Visual Inspection -Document the modules' physical appearance with a visual inspection as defined in Sec. 10.1 of both IEC 61215 and IEC 61646, as appropriate, and determine if any major visual defects are present using the definitions in Sec. 7 of both IEC 61215 and IEC 61646, as appropriate. Additional information and details about performing visual inspections is contained in ASTM E 1799 [24] .
e) Infrared Imaging -As an option, obtain infrared images of the modules while operating in forward bias or reverse bias, or both. Available techniques include thermal images at wavelengths greater than about 2 µm [13] , or forward-bias electroluminescence images at wavelengths corresponding to semiconductor bandgaps (about 1.1 µm for Si) [25] . Infrared images are not used to determine failure, but are useful for determining and locating failures.
Control Module
Retain the module designated as the control for Seq. A in a safe location away from sunlight. Perform a P max measurement on this module each time intermediate characterizations are made on the modules subjected to the stress sequences. Note that CdTe modules can lose V oc while in dark storage; these losses are normally reversible with light soaking.
Damp Heat DH1000
Subject test modules to 1000 h of 85°C/85% RH according to the procedure specified by Sec. 6.7 of ASTM E 1171. During DH exposure, for all Seq. B and Seq. D modules, provide a voltage bias equal to V sys between the modules' designated grounding points (located on the frames of modules with metallic frames) and the shorted output leads, at both polarities. Record the leakage current through the module leads to the grounding point. If the test module lacks a designated grounding point, the test cannot be performed with voltage bias. Ref. [17] contains additional information about DH testing with voltage bias.
4.5
Thermal Cycling TC200 
Failure Determination
Determine if any modules have failed using the following criteria:
• Power output less than 50% of the initial P max (x-Si)
• Power output less than 50% of the manufacturer's P min rating following a recovery treatment ( Failure of either module of a pair subjected to one of the three stress legs in Fig. 3 shall constitute failure of both modules. A catastrophic failure is defined as any failure other than the power loss criteria, or the output power falling to less than 20% of the initial value, or the manufacturer's P min rating, as appropriate.
Recovery Treatment
x-Si -Not applicable.
a-Si -Subject a-Si modules to a thermal anneal of 90°C ± 2°C for 24 h. This procedure was adapted from Sec. 5.19 of IEEE 1262 [26] .
CdTe, CIGS -Subject CdTe and CIGS modules to an outdoor light soak with resistive loads for a total dose of 50 kWh/m 2 . This dose is approximately two weeks in Golden, Colorado. Additional information about light soaking thin-film modules is available in Sec. 10.19 of IEC 61646.
Report
At the conclusion of the test-to-failure sequence, prepare a report that documents the results of the DH and TC testing. Include the following: 
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